I. INTRODUCTION
N RECENT years, more and more attention is paid to develop small-size and low-profile antennas for mobile communications. For optimum system performance, the antennas must have high radiation efficiency, small volume, isotropic radiation characteristics, simple impedance matching, and simple mechanical construction [1] . How to reduce the volume and broaden the bandwidth are hot topics on mobile antennas. A traditional planar inverted-F antenna (PIFA) with a finite metallic ground plane [shown in Fig. 1(a) ] has been widely used as a mobile-communication antenna [2] and [3] . This type of antenna allows a simple impedance match in a low-profile design and can produce both vertically and horizontally polarized electric fields [3] . To reduce the size of the antenna, many measures, such as capacitively loaded PIFA [4] and [5] , have been taken. Although a capacitively loaded PIFA [4] can reduce the size of the antenna, its structure is too complex to produce. The size of the ground plane on which the antenna is mounted affects the characteristics of the antenna markedly. By reducing the ground-plane size, the bandwidth of a PIFA system can be broadened [3] . In fact, mobile-communication systems such as handsets cannot provide large ground plane. Therefore, the size of the ground plane is unsuitable to be too large. Photonic bandgap (PBG) materials are periodic structures capable of prohibiting the propagation of electromagnetic waves within a certain frequency band [6] . With the development of the researches on PBG, high-impedance electromagnetic surfaces are proposed [7] and [8] . Wire antennas do not function effectively when positioned parallel and close to the traditional perfect electric-conductor (PEC) ground plane due to the reverse-image currents. However, they work efficiently above a high-impedance surface due to its in-phase reflection character and high surface impedance [8] . The high surface impedance helps to suppress the surface wave on the ground plane of the antennas, resulting in high radiation efficiency with a little backward radiation. Therefore, the high-impedance surface provides good potential for building a low-profile and high-efficiency antenna structure. However, analyzing the references about highimpedance surfaces, one can find that the size of the ground plane that is approximately is too large for 0018-9545/03$17.00 © 2003 IEEE mobile-communication systems for obtaining the little backward-radiation feature at the S band. If the size of the ground plane is as small as that of a normal hand-held transceiver, the little backward-radiation feature seems not to appear. This is because, under the small ground-plane condition, the shapes of the patterns of the entire antenna are determined mostly by the antenna-radiation elements and are affected little by the surface wave on the ground plane. There is no report on the little backward-radiation feature except for some wire antennas, such as the vertical monopole, patch, horizontal wire, and dipole antennas, with a large-size high-impedance ground plane. In addition, the radiation patterns of the above antennas, which do not have the isotropic radiation characteristic as shown in [8] , are unsuitable for some occasions such as base-station antennas that need omnidirectional characteristics. In nature, the antenna with a high-impedance surface is a type of capacitance-and inductance-loaded antenna. By incorporating a special texture on a conducting surface, it is possible to alter its radio-frequency electromagnetic property [7] and [8] . Like other types of load measures, its impedance can be changed to match the feed line in a certain frequency band. One can use the idea of thehigh-impedancesurfacetoconstructaPBG-typeground plane to reduce the size of the PIFA and, therefore, obtain a compact antenna suitable for mobile-communication systems.
In order to determine antenna properties, it is necessary to evaluate their electrical characteristics. The finite-difference time-domain (FDTD) method [9] is a good full-wave analysis method to be used to critically evaluate the performance of the PIFA [1] , [4] , [5] , [10] - [12] and PBG texture [6] .
In this paper, the idea of the high-impedance surface is used to construct the ground plane. A new compact PIFA with a PBG-type ground plane is then proposed and analyzed using the FDTD method. The results show that the proposed antenna has the similar pattern shapes but has smaller size when compared to a traditional PIFA. They are suitable for mobile-communication applications. In the next section, the traditional PIFA, operating at about 2.45 GHz [shown in Fig. 1(a) ], is analyzed in detail. The radiation patterns and the return-loss (VSWR) performances are given. The results show that the bandwidth of the traditional PIFA is little affected by the thickness of the metallic ground plane and that the shapes of the directivity patterns are also little affected by the ground plane under the small-size condition. In Section III, our proposed antenna with a PBG-type ground plane is presented and analyzed. In this paper, we use the capacitanceand inductance-loaded feature rather than using the little backward-radiation feature of the idea of the high-impedance surface. A detailed study of the behavior of the proposed antenna is discussed. The results show that the operating frequency band of this antenna can be adjusted by changing the dielectric substrate thickness of the ground plane and that the size of the proposed antenna can be reduced by using the proposed ground plane. Section IV provides concluding remarks.
II. TRADITIONAL PIFA
To understand the characteristics of a traditional PIFA and the antenna proposed in this paper well, the former is analyzed first. A traditional PIFA consists of a finite metallic ground plane, a top plate element, a feed wire connectd between the ground plane and the top plate, and a shorting strip that is connected between the ground plane and top plate as shown in Fig. 1(a) .
The approximate sizes of a traditional PIFA can be determined from [1] , [10] , and [13] . According to [1] and [10] , one can obtain the approximate sizes of the various elements of the traditional PIFA operating at 2.4 GHz that has not been analyzed at this frequency to the best of our knowledge. The metallic ground plane is 43.56 mm 19.36 mm. The top-plate element is 22.98 mm 9.68 mm. The height of the feed wire is 4.84 mm and its radius is 0.45 mm. The width of the shorting strip is 2.44 mm. The distances between the edges of the shorting strip and the two edges of the ground plane and between the edge of the shorting strip and the center of the feed wire , and as shown in Fig. 1(a) are 4.84 mm, 4.84 mm, and 4.8 mm, respectively. In [1] and [10] , the thickness of the top plate and the shorting strip were not considered. Here, they all are taken as 0.9 mm. The antenna is fed at the base of the feed wire at the point where the wire connects to the ground plane using a 50-coaxial line.
The results of the simulations based on the FDTD method are presented in Figs. 2-5. The technology details of the FDTD method can be found in many references, such as [9] . The Berenger perfectly matched layer (PML) [14] - [16] is taken as the absorbing boundary. Three cases, i.e., the thickness of the metallic ground plane mm, mm, and without the ground plane, are simulated. "Without the ground plane" refers to the antenna, whose metallic ground plane is taken out and the shorting strip is directly connected to the outer conductor of the coaxial line as shown in Fig. 1(b) . Fig. 2 gives the impedance characteristic for the three cases. Their return losses are presented in Fig. 3 .
Let us describe the characteristics of the traditional PIFA when mm and mm. The difference of their radiation bandwidths and center frequencies are all small. Their frequency range for the return loss dB (VSWR is about 2.35-2.54 GHz. Their optimum operating frequency in which the return loss is the minimum is about 2.45 GHz. Their bandwidths for VSWR in both cases are about 190 MHz (the relative bandwidths all are 7.8%). Although the resistance and reactance are largely different outside the frequency range for the return loss dB, they are very close to each other within the frequency range. The results show that the bandwidth of a traditional PIFA is little affected by the thickness of the ground plane. Combining the results of [3] and this paper, only the width and the length of the ground plane affect the bandwidth of a traditional PIFA significantly.
The far-field radiation patterns for the PIFA with the groundplane thickness mm, operating at 2.5 GHz within the operating band (2.35-2.54 GHz), are shown in Fig. 4 . The unit dBi in this paper is relative to the pattern of the idealized isotopic antenna. The shapes of the directivity patterns in Fig. 4 are similar to those of patterns at about 900 MHz, given by [1] , [10] , and [17] .
To find how much the ground plane affects the shapes of the directivity patterns for a traditional PIFA, the third case, i.e., the "without the ground plane" as shown in Fig. 1(b) , is simulated. From Figs. 2 and 3 one can find that the antenna is mismatched by a 50-coaxial line when the ground plane is taken out, but one can observe the shapes of the directivity patterns qualitatively. The far-field radiation patterns for the PIFA without the ground plane operating at 2.625 GHz, at which the return loss is the minimum, are shown in Fig. 5 . By comparing the shapes of the directivity patterns given by Figs. 4 and 5, one can find that the ground plane affects the shapes little. Therefore, one can conclude that under the small ground plane condition the shapes of the patterns of the entire antenna are determined, mostly by those of the antenna radiation elements and affected little by the surface wave on the ground plane as noted in Section I. Hence, it is almost impossible to get the little backward-radiation feature by changing the ground plane by keeping the small ground plane condition. This is why one cannot get the little backward-radiation feature using a high-impedance surface under the small ground-plane condition. 
III. PIFA WITH A PBG-TYPE GROUND PLANE
The configurations of the PIFA with a PBG-type ground plane proposed in this paper are shown in Fig. 6 . All of the antenna are the same size as those in Section II. The difference between the two types of antennas is on the ground plane. The PBG-type ground plane of the antenna proposed in this paper is shown in Fig. 6(b) . It consists of a dielectric substrate on a metallic plate and an upper plate with periodically metallic patch overlays on the substrate. The ground plane in Fig. 6(b) can be fabricated using printed circuit-board technology. The periodically metallic patches on the top surface of the board are connected to the solid lower conducting surface by metal vias through the center of the patches. In this paper, the vias are taken as cylinder wires with a radius of 0.45 mm. The structure is from the idea of the high-impedance surface. As we have noted in Section I, the antenna with a high-impedance surface is a type of capacitance-and inductance-loaded antenna. To reduce the size of a traditional PIFA and, therefore, to obtain a compact antenna suitable for mobile-communication systems, we use the capacitance-and inductance-loaded feature rather than using the little backward-radiation feature of the idea of the high-impedance surface.
It is too difficult to analyze it exactly using an analytical method in theory. The qualitative analysis about high-impedance surfaces is given in [8] . The usual analysis method is numerical methods such as the FDTD method, which is also taken in this paper.
The simulation results by the FDTD method are presented in Figs. 7-9 . Fig. 7 shows the results of the impedance characteristics for the proposed antennas in different dielectric substrate thicknesses of the ground plane and the comparisons with those for the traditional PIFAs given in Section II. Fig. 8 shows the return losses for the above-proposed antennas. Fig. 7 shows the changes of the resistance and reactance for the proposed antennas and those for the traditional PIFAs in different thicknesses of the ground plane under the same conditions otherwise. One cannot simply say that it is capacitance-or inductance-loaded when the periodic structure (i.e., PBG-type) ground plane is used. It is the hybrids of capacitance-and induc- tance-loaded. It also shows that the qualitative analysis of the periodic-structure ground planes in [8] using the inductance-capacitance (LC)-circuit is reasonable. Their frequency ranges for the return losses dB (VSWR for the antennas proposed in this paper are 1.644-1.703 GHz (the relative bandwidth is 3.5% at 1.673 GHz) at mm, 1.851-1.942 GHz (the relative bandwidth is 4.7% at 1.897 GHz) at mm, and 1.941-2.038 GHz (the relative bandwidth is 4.9% at 1.986 GHz) at mm. The bandwidth and the optimum operating frequency in which the return loss is the minimum increase with the decreasing of the dielectric substrate thickness of the ground plane. That is because the changes of the dielectric substrate thickness of the ground plane change the input impedance of the proposed antenna. In addition, from Figs. 3 and 8 one can also find that the frequency ranges for the return losses -10 dB (VSWR move to the lower frequency bands when the periodic structure ground planes remain the same under other conditions. The bandwidth is reduced due to the effects of the proposed ground plane. How to broaden the bandwidth effectively is a topic of further study .
The far-field radiation patterns for the proposed antenna with mm operating at 2.0 GHz within the operating band (1.941-2.038 GHz) are shown in Fig. 9 . The shapes of the patterns in Fig. 9 are similar to those for the traditional PIFA shown in Section II. The gain for linear polarization of the proposed antenna in Fig. 9 is 2 .27 dBi at the maximum radiation direction, i.e., and . The gain for circular polarization is 0 dBi at the maximum radiation direction, i.e., and . If this antenna is used for circular polarization, the gain will be about 2.27 dB lower than it is for linear polarization. For a perfect linear-polarized antenna, the circular polarization loss in gain should be 3 dB. From the above analysis, one can conclude that the proposed antenna is linearly polarized with the desired broad-radiation pattern. Therefore, the proposed antenna has directivity pattern characteristics similar to those of a traditional PIFA. This means that one can use the sizes of a traditional PIFA operating at a higher frequency band to realize an antenna operating at a lower frequency band with the proposed ground plane. By proper choice of the ground plane, the size of the antenna can be reduced obviously.
The results suggest that the operating frequency band of the proposed antenna can be adjusted by changing the substrate thickness of the ground plane and the size of a PIFA can be reduced using the proposed ground plane. The characteristics of the far-field radiation patterns are kept.
IV. CONCLUSION
The ground plane affects the characteristics of a PIFA significantly. To understand the effect, we analyzed a traditional PIFA with different metal thicknesses of the ground plane and without the ground plane at first. Using the idea of the high-impedance surface to construct the ground plane, a new type of compact PIFA is proposed. Both the traditional PIFA and the proposed antenna are analyzed using the FDTD method in detail. It is found that the two antennas have similar directivity pattern characteristics, but the size of the latter can be reduced obviously. The results also show that the bandwidth of a traditional PIFA is not greatly affected by the thickness of the metallic ground plane and that the shapes of the directivity patterns are not greatly affected by the ground plane under the small-size condition. However, the operating-frequency band of the proposed antenna can be adjusted by changing the dielectric substrate thickness of the ground plane. The bandwidth and the optimum operating frequency of the proposed antenna increase with the decreasing of the dielectric substrate thickness of the ground plane. The bandwidth is reduced due to the effect of the proposed ground plane. The proposed antennas are suitable for mobile-communication applications. The method to broaden the bandwidth needs further study. 
